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Elevated renal perfusion pressure does not contribute
to natriuresis induced by isotonic saline infusion
in freely moving dogs
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1Institute of Physiology, University Clinics Charité, Berlin, Germany
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The study was designed to determine to what extent moderate elevation of renal perfusion
pressure (RPP) via the mechanism of ‘pressure natriuresis’ contributes to the natriuresis
induced by acute i.v. saline loading. Nine Beagle dogs maintained on ample sodium intake
(5.5 mmol (kg body mass)−1 day−1) were chronically equipped with an aortic occluder to
servocontrol RPP, a bladder catheter to measure renal function, and catheters for
measurement of RPP and mean arterial blood pressure (MABP). A swivel system allowed
free movement in the kennel during experiments. Isotonic saline loading (500 ml in
100 min) was studied as follows: with and without servocontrol of RPP, and these two
protocols repeated in the presence of angiotensin-converting enzyme inhibition (ACEI,
Enalapril, 2 mg (kg body mass)−1). Saline loading increased MABP by about 12 mmHg and
sodium excretion from about 28 µmol min−1 up to about 350 µmol min−1. Without ACEI,
servocontrol of RPP at 10% below control 24 h MABP slightly delayed the onset of the
saline-induced natriuresis, but did not reduce peak sodium excretion or cumulative sodium
excretion. The slight delay most probably resulted from pressure-controlled renin release
because, with ACEI, servocontrol of RPP did not delay or reduce the saline-induced natriuresis.
In conclusion, pressure natriuresis does not contribute to the natriuresis following acute
saline loading.
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The amount of body fluids and electrolytes are controlled
within tight boundaries. The control of total body
sodium (TBS) is of particular interest, since TBS is
a major determinant of mean arterial blood pressure
(MABP) (Guyton, 1991; Cowley, 1992; Hall et al. 1996;
Reinhardt & Seeliger, 2000). In the face of considerable
variations in Na+ intake and extrarenal Na+ losses,
maintenance of TBS depends critically on control of renal
Na+ excretion. Various hormonal, neuronal and physical
factors impinge on renal Na+ excretion. Among these
factors, however, arterial pressure has been considered
to play an outstanding role (Guyton, 1990a,b, 1991;
Cowley, 1992). It is well known that an increase of MABP
may augment Na+ excretion via intrarenal effects of
elevated renal perfusion pressure (RPP). This concept is
termed ‘pressure natriuresis’. Conversely, decreased RPP
may reduce Na+ excretion. The intrarenal mechanism
underlying pressure natriuresis and putative low-pressure
antinatriuresis is not fully understood (Cowley, 1992).

However, pressure natriuresis has been assumed to be
a dominating controller of Na+ excretion in long-term
TBS control as well as in acute control (Guyton, 1990a,
1991; Cowley, 1992; Hall et al. 1996). It has been supposed
that this mechanism operates at any pressure, and that
even small changes in RPP would change Na+ excretion
markedly (Guyton, 1990a,b, 1991).

The specific contribution of pressure natriuresis
to control of TBS is still under debate, possibly
because it is confounded by the interference with the
renin–angiotensin–aldosterone system (RAAS). Renin
release is also controlled by RPP (pressure-controlled
renin release) (Hackenthal et al. 1990). Thus, alterations
in RPP inevitably change the activity of the RAAS.
Furthermore, renin release is also controlled by changes
in TBS independent of arterial pressure (Seeliger et al.
1999). On the effector side, the RAAS controls TBS via
renal action of angiotensin II (Ang II) and aldosterone
(Aldo).
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Studies in freely moving dogs, reviewed by Reinhardt &
Seeliger (2000), helped to clarify the specific contributions
to long-term TBS control of both pressure natriuresis
and the RAAS. TBS can be controlled independently
of pressure natriuresis and changes of the RAAS
are very effective in controlling TBS. A significant
contribution of pressure natriuresis could only
be demonstrated under certain pathophysiological
conditions, namely, during sustained elevation of
TBS, e.g. induced by continued administration of
antinatriuretic stimuli. The resulting long-term
elevation of RPP by 25 mmHg or more facilitates
Na+ excretion via pressure natriuresis mechanism.
Long-term reduction of RPP by about 25 mmHg results
in Na+ retention, but only via pressure-controlled renin
release, not by the putative mechanism of low-pressure
antinatriuresis.

In the light of these results, it appeared worthwhile
to re-evaluate the contribution of pressure natriuresis
to short-term TBS control in an experimental setting
that includes moderate changes in RPP. We chose the
well-known paradigm of natriuresis induced by acute
isotonic i.v. NaCl-loading (sodium-loading natriuresis,
SLN). It is known that pressure natriuresis is not a
prerequisite for SLN: when small amounts of saline are
slowly infused at rates insufficient to cause any blood
pressure increase, Na+ excretion still increases markedly
(Sandgaard et al. 2000). Therefore, we infused isotonic
NaCl at a rate of 5 ml min−1, which has been shown in
previous studies to increase pressure by about 10 mmHg
(Andersen et al. 2000; Bie & Sandgaard, 2000).

SLN has been used before to assess the contribution of
pressure natriuresis to TBS control; however, the results
are conflicting, probably due to the specific experimental
procedures. In one study, Na+ loading was performed
while arterial pressure was prevented from rising by means
of a servocontrolled infusion of sodium nitroprusside.
SLN was reduced by about 30% (Andersen et al. 2000).
However, prevention of blood pressure elevation by
systemic administration of drugs, e.g. a NO donor, may
influence Na+ excretion in several ways, e.g. by altering
renal haemodynamics, tubular ion transports, and Aldo
secretion (Persson et al. 1993; Manning et al. 1994; Qiu
et al. 1998; Seeliger et al. 2001). In two other studies,
suprarenal aortic constriction was used. The results of one
study (Cowley & Skelton, 1991) appear to indicate that
pressure natriuresis would not substantially contribute
to SLN. However, in this study, Na+ loading was
performed during administration of a cocktail of Ang II,
Aldo, arginine vasopressin (AVP), and atrial natriuretic
peptide (ANP) in dogs whose kidneys were bilaterally
denervated. Thus, this study was not designed to assess the
relative contribution of pressure natriuresis under normal
conditions. In the other study (Kaczmarczyk et al. 1992), a
15% reduction of RPP was reported to reduce SLN by some

30%. However, this attenuation of natriuresis may stem
from small increase of Ang II, as induced by the reduction
of RPP, rather than from prevention of pressure natriuresis
(Boemke et al. 1995).

In the present study in freely moving dogs, we
used fast-acting servocontrolled aortic constriction to
reduce RPP. We studied dogs with and without
angiotensin-converting enzyme (ACE) inhibition in order
to separate the effects of changes in RAAS activity resulting
from pressure-controlled renin release from those of
pressure natriuresis.

Methods

Nine chronically instrumented female Beagle dogs,
∼2 years of age, weighing 12–16 kg, were studied by
standardized methods described in detail in previous
papers (Reinhardt et al. 1990, 1994; Boemke et al. 1995).
On completion of the experimental period, implants
were removed and the dogs were given to suitable
private individuals. The study was approved by the Berlin
Government according to the German Animal Protection
Law.

Surgery and maintenance

Each dog was equipped with a urinary bladder catheter,
an inflatable cuff placed around the aorta above the renal
arteries, one femoral vein catheter, and two femoral artery
catheters. The right femoral artery catheter was advanced
into the abdominal aorta directly below the renal arteries;
the tip of the left femoral artery catheter was placed well
above the renal arteries. The lines were exteriorized in the
nape region. All operations were performed under aseptic
conditions in an operating room. General anaesthesia
was induced with methohexital (8 mg (kg body mass)−1

intravenously). After endotracheal intubation, anaesthesia
was maintained under controlled ventilation (about
1.5 l min−1) with halothane (0.8–1.5%) and nitrous
oxide–oxygen (2 : 1). The depth of anaesthesia was
clinically assessed, i.e. anaesthesia was increased by
increasing inspiratory halothane concentration when the
dog displayed sudden increases in heart rate or blood
pressure during surgical procedures, started to breath
spontaneously, or moved. The dogs were allowed at least
3 weeks for recovery. Catheter-related infections were
prevented with a catheter-restricted antibiotic-lock
technique (Palm et al. 1991). Daily assessments of general
status, and daily measurements of body temperature,
weight, and erythrocyte sedimentation rate ensured
that only healthy dogs were studied. The dogs were
housed individually in large kennels (9 m2) in a
sound-protected, air-conditioned animal room. For
reasons of social well-being, another dog in an adjacent
kennel accompanied the dog under investigation (Boemke
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et al. 1995). Each dog was studied on four occasions
(experimental days), which were separated by at least 1 day
without an experiment.

Dietary regimen

Beginning at least 5 days before the studies, food intake was
controlled with regard to daily feeding time, completeness
of intake, and food composition. The dogs were offered
the food once daily at 13.00 h (on experimental days, it was
offered after the experiment). If a dog did not finish its meal
within 20 min, the remainder was tube-fed to guarantee
complete food and water intake. Thereafter the dog did not
have access to food or water until the feeding the next day.
The food provided 5.5 mmol of Na+, 3.5 mmol of K+, and
91 ml of water per day per kg of body mass (i.e. 82.5 mmol
of Na+, 52.5 mmol of K+, and 1365 ml of water per day to
a 15 kg dog). On experimental days, food composition was
the same, except that only 0.5 mmol Na+ (kg body mass)−1

was given in order to compensate for the 76 mmol Na+

already administered on that day as part of the study (see
below).

Experimental configuration

During the experiment, the chronic lines coming from
the dog were connected to a swivel system which allowed
free movement within the limits of the 9 m2 kennel
(for details see Reinhardt et al. 1990; Boemke et al.
1995). The dogs were well accustomed to this equipment.
From the swivel, the lines were led to the adjoining
laboratory via a protective tube. Thus, all actions necessary
to conduct the experiments were performed from the
laboratory without drawing the attention of the dogs
in the sound-protected animal room. Systemic mean
arterial blood pressure (MABP, catheter above the aortic
occluder) and RPP (catheter below the aortic occluder)
were measured with pressure transducers integrated into
the swivel (Reinhardt et al. 1990). Urine was collected
by means of a computerized collection system (Reinhardt
et al. 1990).

Experimental time schedule, protocols
and interventions

Four protocols were performed in each dog in random
order. All experiments were carried out in the morning
(08.00–13.00 h). After connecting the dog to the swivel
system, urine sampling (20 min sampling periods) and
registration of haemodynamic variables were started and
continued until the end of the experiment. Each protocol
consisted of a 60 min ‘running-in’ period, followed by
a 60 min control phase (three 20 min sampling periods
C1, C2, C3), a 100 min phase during which Na+ loading

was performed by infusion (five 20 min sampling periods
I1 to I5), and a 40 min post-infusion phase (two 20 min
sampling periods P1, P2).

NaCl loading. NaCl loading was achieved by continuous
i.v. infusion of a sterile isotonic solution containing
152 ± 1 mmol NaCl l−1, at a rate of 5 ml min−1,
corresponding to 0.76 mmol Na+ min−1. Thus, the total
amount infused within 100 min was 500 ml containing
76 mmol Na+.

Protocols. Protocols differed (1) by servocontrolling RPP
(scRPP) or leaving it free to change with MABP (fRPP),
and (2) by inhibiting ACE with Enalapril (E) or leaving
ACE unimpeded. Thus, the four protocols were termed
fRPP, scRPP, fRPP + E, scRPP + E.

Servo control of RPP. Servo control of RPP was achieved
by regulating the degree of inflation of the aortic
occluder using a fast-acting servocontrol device as
described in detail by Nafz et al. (1992). Briefly, the
electrical analog signal of the pressure transducer (Micro
Switch 13PC066G1, Freeport, Illinois, USA) that reflects
instantaneous RPP was fed into the electronic servo-
control apparatus. Here, the systolic maxima and diastolic
minima of this signal were constantly compared with
the higher and the lower limit of a pre-set pressure
amplitude that was adjusted to the intended pre-set value
of mean pressure. The digital outputs resulting from
these comparisons drove two solenoid valves. One valve
steered the inflow of compressed air into the pneumatic
system, the other one steered the outflow from this
system. The pneumatic system consisted of a windkessel,
the Silastic tubing connecting the servocontrol apparatus
with the aortic cuff, and the aortic cuff (produced in
our laboratory with Dacron reinforced Silastic material).
These elements have both resistance and dampening
characteristics that decelerate the air flow into and from
the cuff. The response velocity of the servocontrol system
in vivo as determined by step changes in pre-set pressure
is about 1–2 mmHg s−1 (Nafz et al. 1992). Servocontrol
was initiated at the beginning of the running-in time
and remained in constant operation until the end of the
experiment. In protocol scRPP, the level of servocontrol
was set 10% below the individual dog’s 24 h mean value of
MABP during a control study without infusion. This level
of RPP was chosen because in freely moving dogs MABP
is well known to vary considerably within the time frame
of minutes through hours. Thus, RPP was set below the
expected lowest level of MABP fluctuations. Accordingly,
in protocol scRPP + E, the level of servocontrol was set
15% below this 24 h mean value, because ACE inhibition
was expected to reduce MABP.
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ACE inhibition. ACE inhibition was achieved by i.v. bolus
injection of Enalapril maleate (Sigma, St Louis, MO, USA;
2 mg (kg body mass)−1), administered at the beginning of
the running-in time. The completeness of ACE inhibition
was tested by bolus injections of Ang I (2 and 4 µg)
immediately after completion of the postinfusion phase.
Whereas this procedure resulted in marked increase of
MABP (up to 35 mmHg) in dogs without ACE inhibition
(tested in 4 experiments), it never increased MABP in dogs
treated with Enalapril (10 experiments).

Measurements

MABP, RPP and heart rate. MABP, RPP and heart rate
(HR) were measured continuously; then mean values over
20 min (representing each urine sampling period) were
calculated.

Urine collection and analysis. Urine collections were
performed continuously during the experiment. Urine
volume was measured gravimetrically (Reinhardt et al.
1990). The urine collected during a 20 min period
was analysed for Na+, K+, lithium and creatinine
concentrations and osmolality.

Clearances. Clearance of exogenous creatinine was used
to assess the glomerular filtration rate (GFR), and
lithium clearance used for calculation of proximal tubular
reabsorption rate via fractional lithium excretion (FELi).
As described by Corea et al. (1996), a priming dose of
lithium (3 mmol Li2CO2; Quilonium retard oblong, SKD,
Giessen, Germany) was fed 48 and 24 h prior of the
experiment. An oral creatinine bolus of 50 ml creatinine
2% was given 60 min before starting the running-in
time. During the running-in time and throughout the
experiment, creatinine (26 µmol min−1) and lithium
chloride (1.7 µmol min−1) were infused via the infrarenal
aortic catheter.

Blood samples. Blood samples were collected in periods
C1, C3, I5, and P2 via the suprarenal aortic catheter.
The blood withdrawn was always replaced by an equal
amount of stored blood collected from the respective dog
about 2 weeks before the experiments. Immediately after
sampling, centrifugation for determination of haematocrit
and separation of plasma took place. In each plasma
sample, concentrations of sodium (PNa), potassium,
lithium, creatinine, protein (PProt), aldosterone (PAC),
atrial natriuretic peptide (ANP), antidiuretic hormone
(AVP), as well as osmolality and plasma renin activity
(PRA) were measured.

Analyses, calculations, and statistics

Na+, K+, and Li+ concentrations in plasma and urine
were measured by flame photometry, osmolality by
freezing point depression, protein by biuret method, and
creatinine by modified Jaffé reaction (Creatinine-Analyser
II, Beckman Instruments, Galway, Ireland). PRA and
PAC were measured with commercially available radio-
immunoassays as described earlier (Reinhardt et al. 1994).
For measurement of ANP a specific antibody (RAS
8798 Peninsula Laboratories) was used. The assay was
carried out according to Schütten et al. (1987) with
slight modifications (extraction elution with 80% ethanol,
4% acetic acid solution, separation of free and bound
tracer with charcoal–ox plasma buffer solution). The
detection limit was 2.0 pg ml−1 and the mean extraction
recovery of unlabelled ANP added to plasma was 78%. To
determine AVP, an antibody (AB3096; raised in rabbits in
P. Bie’s laboratory) was used at a final antibody dilution
of 1 : 800 000. The assay was performed according to
Emmeluth et al. (1994) except for the said antibody and
other minor changes (bovine albumin in assay buffer and
0.27% charcoal in buffer solution for separation of free
and bound tracer). The detection limit was 0.15 pg ml−1

and the mean recovery of unlabelled AVP added to plasma
was 69%.

Cumulative excretions were calculated by adding
up excretion rates of the consecutive infusion and
post-infusion periods (excretions during control time
were not included). Clearances, fractional excretions,
tubular loads, and amounts of tubular reabsorption were
calculated by standard formulae.

Statistical comparisons were made using the NCSS
statistical software (Hintze, Kaysville, UT, USA).
Differences between the protocols fRPP versus scRPP,
fRPP versus fRPP + E, scRPP versus scRPP + E, and
fRPP + E versus scRPP + E, as well as among periods
within one protocol were assessed by variance analysis
(GLM ANOVA for repeated measurements) followed by
Duncan’s multiple comparison test with a significance level
of P < 0.05. Data are given as means ± s.e.m.

Results

Haemodynamic variables

Without servocontrol of RPP (protocol fRPP), systemic
mean arterial blood pressure (MABP; Fig. 1) averaged
∼116 mmHg during control periods. During saline
infusion, MABP increased gradually by ∼12 mmHg. After
the infusion, MABP returned towards baseline. With
servocontrol of RPP (protocol scRPP) MABP did not
differ measurably from that observed without servo-
control (fRPP). It averaged ∼116 mmHg during control
periods, and increased by ∼13 mmHg during infusion.
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With Enalapril (protocol fRPP + E) control MABP was
reduced by ∼11 mmHg and averaged ∼105 mmHg.
It increased by ∼16 mmHg during infusion. With
servocontrol during Enalapril (protocol scRPP + E)
systemic MABP did not differ from that observed
during the corresponding series without servocontrol
(fRPP + E). It averaged ∼107 mmHg during control
periods, and increased by ∼13 mmHg during infusion.
Thus, irrespective of other interventions, saline infusion
increased MABP by 12–16 mmHg while Enalapril
pretreatment caused a reduction of 9–11 mmHg.

The servocontrol of renal perfusion pressure (RPP) was
very effective (Fig. 1). Individual set points of RPP were
applied to compensate for the interindividual variation
of control MABP. Mean RPP was 103.5 mmHg without
Enalapril (scRPP) and 96.0 mmHg during Enalapril
(scRPP + E). The error bars of RPP in Fig. 1 mirror
the scatter of the set points. Within every experiment,
the servocontrol system kept RPP constant regardless of
changes in MABP. In particular, RPP remained constant
when MABP increased due to infusion. In contrast,
without activation of the servocontrol (protocols fRPP and
fRPP + E), RPP increased with MABP.

Heart rate (HR, data not shown) averaged
∼85 beats min−1 during control periods without
Enalapril pretreatment (fRPP and scRPP). In both
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Figure 1. 20-min mean values of systemic mean arterial blood pressure (MAPB) and renal perfusion
pressure (RPP)
Values are mean ± S.E.M. of 9 dogs studied in 4 protocols during 3 control periods (C1-C3), 5 periods with Na+
loading by I.V. infusion (I1–I5) and 2 postinfusion periods (P1, P2). Grey bar indicates period of infusion. RPP was free
to change with MABP in protocols fRPP and fRPP + E (E = Enalapril), and was servocontrolled at pre-set reduced
levels in protocols scRPP and scRPP + E. Individual pre-set levels of servocontrol of RPP were used to account for the
interindividual variability of control MABP. For these protocols, RPP is plotted separately (error bars mirror individual
pre-set levels). Significant differences obtained by GLM ANOVA for repeated measurements followed by Duncan’s
multiple comparison test: ∗ significant versus fRPP, ‡ significant versus scRPP; within each protocol, MABP was
higher during I2 through P2 as compared with control periods.

protocols HR increased by ∼10 beats min−1 with saline
infusion, yet returned to control levels thereafter. HR
was higher during the control periods after Enalapril
(fRPP + E and scRPP + E, ∼100 beats min−1), and did
not change significantly during saline infusion. However,
it decreased by ∼15 beats min−1 during postinfusion
periods.

Renal variables

Urinary sodium excretion (U NaV ) averaged
∼28 µmol min−1 during control periods without
intervention (fRPP protocol, Fig. 2A). It increased
during the first saline infusion period, and continued
to increase throughout the infusion. Servocontrol of
RPP (scRPP protocol) lowered control U NaV slightly
but insignificantly (mean ∼17 µmol min−1). Subsequent
saline infusion increased U NaV to levels similar to
those observed without servocontrol (fRPP), except that
the increase was slightly delayed (significantly lower
U NaV in the second period of infusion). Enalapril per se
(fRPP + E) increased U NaV markedly in control periods
(∼48 µmol min−1). This Enalapril-induced difference
vanished, however, during the saline infusion, i.e. the
rates of U NaV were not different anymore beyond the first
period of infusion (fRPP + E versus fRPP). Remarkably,
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compared with Enalapril alone, servocontrol of RPP
during Enalapril did not affect U NaV with regard to
control value (∼45 µmol min−1), or to the velocity
of increase or the maximal value (fRPP + E versus
scRPP + E). Hence, comparing the natriuretic responses
in the two series with servocontrol of RPP (scRPP + E
versus scRPP), it can be seen that Enalapril increased
control U NaV markedly and augmented the natriuresis so
that the difference in time course between the two series
was present for 60 min.

For direct comparison of magnitude and velocity of
U NaV responses to infusion, cumulative sodium excretion
during infusion and postinfusion periods is depicted
in Fig. 2B. Without intervention (fRPP) a total amount
of ∼35 mmol of Na+ was excreted before termination
of the experiment, equivalent to ∼46% of the amount
infused. Neither servocontrol of RPP (scRPP), Enalapril
(fRPP + E), nor the combination thereof (scRPP + E)
changed this amount significantly. Thus, the differences
observed among the protocols in earlier periods (e.g. I1,
I2) mirror different velocities of the U NaV responses only.
For instance, less Na+ is excreted within the first 20 min of
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Figure 2. Urinary sodium excretion (A) throughout
the experiments, and cumulative urinary sodium
excretion at the end of the respective infusion and
postinfusion periods (B)
Grey bars indicate period of infusion. Values are
mean ± S.E.M. of 9 dogs studied in 4 protocols. For
protocols and periods see legend to Fig. 1. Significant
differences: ∗ significant versus fRPP, ‡ significant versus
scRPP; within each protocol, sodium excretion was
higher during I1 through P2 as compared with control
periods.

infusion (I1) in protocol fRPP than fRPP + E. However,
within the following 20 min (I2), U NaV increased more
in the former than in the latter; thus, the total amount
excreted within these two periods (I1 + I2) did not differ.

Urine flow (UF, Table 1) in general changed parallel
to Na+ excretion within and between protocols. Urinary
potassium excretion (data not shown) increased 2- to
3-fold during saline infusion but did not differ among
the protocols.

Urine osmolality (UOsmol, Table 1) decreased with
saline infusion in each protocol and was a mirror image
of UF. Compared with non-pretreated conditions (fRPP)
control samples showed slightly higher osmolality during
servocontrol (scRPP), but slightly reduced values after
Enalapril (fRPP + E).

GFR (Fig. 3A) did not differ among the protocols during
control conditions. With the onset of infusion (I1 and
I2), a sharp increase in creatinine clearance was measured
in each protocol. Since this increase most probably does
not reflect a true increase of GFR, but at least in part
represents an artifact due to the increase of urine flow,
i.e. wash out of the dead space (renal tubules, renal pelvis,
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Table 1. Urine flow (UF) and urine osmolality (UOsmol)

Protocols

Period fRPP scRPP fRPP + E scRPP + E

UF (ml min−1) C1 0.42 ± 0.06 0.30 ± 0.07 0.98 ± 0.22∗ 0.64 ± 0.13 †‡
C2 0.50 ± 0.10 0.30 ± 0.05 0.81 ± 0.12∗ 0.59 ± 0.10‡
C3 0.41 ± 0.08 0.30 ± 0.08 0.59 ± 0.12 0.50 ± 0.08
I1 0.89 ± 0.12§ 0.73 ± 0.14§ 1.53 ± 0.23§∗ 1.83 ± 0.31§
I2 2.21 ± 0.10§ 1.49 ± 0.25§∗ 2.47 ± 0.32§ 2.27 ± 0.36§‡
I3 2.96 ± 0.25§ 2.14 ± 0.27§∗ 3.00 ± 0.26§ 2.71 ± 0.22§
I4 3.15 ± 0.17§ 2.75 ± 0.18§ 2.85 ± 0.28§ 3.05 ± 0.36§
I5 3.56 ± 0.21§ 2.69 ± 0.32§∗ 2.81 ± 0.31§ 3.11 ± 0.28§
P1 2.44 ± 0.18§ 2.40 ± 0.31§ 2.52 ± 0.15§ 2.53 ± 0.23§
P2 1.56 ± 0.27§ 1.67 ± 0.29§ 1.74 ± 0.18§ 1.79 ± 0.31§

UOsmol (mosmol kg−1) C1 508 ± 56 620 ± 73 357 ± 79∗ 459 ± 52‡
C2 486 ± 54 646 ± 59∗ 396 ± 78 492 ± 46
C3 504 ± 60 645 ± 74∗ 460 ± 40 477 ± 39
I1 428 ± 44 605 ± 77∗ 334 ± 26 356 ± 26§
I2 297 ± 23§ 376 ± 62§ 262 ± 38§ 302 ± 16§
I3 250 ± 13§ 313 ± 17§ 267 ± 28§ 293 ± 27§
I4 256 ± 20§ 281 ± 21§ 302 ± 40§ 347 ± 29§
I5 294 ± 16§ 324 ± 13§ 306 ± 17§ 304 ± 25§
P1 336 ± 18§ 360 ± 18§ 358 ± 21 332 ± 17§
P2 443 ± 40 420 ± 23§ 401 ± 31 405 ± 26

Values are mean ± S.E.M. of 9 dogs studied in 4 protocols during 3 control periods (C1–C3), 5 periods with Na+

loading by I.V. infusion (I1–I5) and 2 postinfusion periods (P1, P2). For protocols see Methods. Significant differences
obtained by GLM ANOVA for repeated measurements + Duncan’s multiple comparison test: ∗ significant versus
fRPP, † significant versus fRPP + E, ‡ significant versus scRPP; § significant change versus control periods within the
respective protocol.

ureters), the values for these two periods are not included
in Fig. 3. However, clearance values obtained during sub-
sequent periods (beyond I2), are assumed to be reliable
measures of GFR. Irrespective of protocol, GFR in these
periods was 10–20% higher than during control periods
and thus independent of changes in RPP or ACE blockade.

The patterns of fractional sodium excretion over time
(FENa, Fig. 3B), in general, resembled U NaV . In each
protocol, FENa increased gradually with infusion, reaching
peak values 8- to 12-fold above control values. Control
FENa did not differ between fRPP and scRPP. However,
servocontrol of RPP (scRPP protocol) delayed the increase
in FENa during saline infusion, and, in addition, reduced
peak FENa (period I5). Enalapril increased control
FENa as compared with the respective protocol without
Enalapril.

Fractional lithium excretion (FELi, Fig. 3C) increased
gradually with infusion in each protocol, reaching
peak values 2-fold above control values. Servocontrol
of RPP did not alter this pattern significantly (fRPP
versus scRPP). The effects of Enalapril on control FELi

were not consistent. However, with Enalapril FELi was
increased in the last infusion period and in both post-
infusion periods (fRPP + E versus fRPP). Li+ clearance
was used to calculate proximal and postproximal tubular

Na+ reabsorption rates based on the generally accepted
assumptions that (i) Li+ in the proximal tubules is
reabsorbed (roughly) in parallel with Na+, and (ii)
in segments distal to the proximal tubules Li+ is not
reabsorbed in appreciable amounts. Irrespective of the
protocol, saline infusion was associated with the following
changes in segmental Na+ handling (data not shown). Due
to the increase in GFR (see Fig. 3A), filtered Na+ load was
persistently increased by 10–20%. Absolute proximal Na+

reabsorption was only transiently increased, but returned
to values indistinguishable from baseline even within the
time of infusion (periods I4 and I5). Thus, saline infusion
decreased fractional proximal reabsorption progressively
(see FELi in Fig. 3). In consequence, postproximal Na+

delivery increased by up to 140%. Absolute post-
proximal reabsorption also increased. However, because
this increase was smaller (90%) than the increase in
delivery, fractional postproximal reabsorption decreased
markedly (from 0.97 during control periods to 0.86 during
infusion period 5).

Plasma variables

Control PRA (Fig. 4A) averaged ∼2 ng Ang I ml−1 h−1

without intervention (control period of fRPP), and was
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increased to ∼3 ng Ang I ml−1 h−1 by servocontrol of
RPP (control period of scRPP). Enalapril increased PRA
about 7-fold, i.e. to ∼14 and ∼22 ng Ang I ml−1 h−1

with and without servocontrol (fRPP + E and scRPP + E,
respectively). During saline infusion, PRA decreased in
every protocol. Without Enalapril (fRPP and scRPP), PRA
reached 30 and 22% of the respective control levels. With
Enalapril (fRPP + E) the relative fall tended to be more
pronounced (to 10% of control values). However, due to
high initial levels, PRA remained above the corresponding
results obtained without Enalapril (fRPP) and close
to the control values obtained in these experiments.
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Figure 3. GFR (exogenous creatinine clearance, A),
fractional sodium excretion (B) and fractional
lithium excretion (C)
Grey bars indicate period of infusion. Values are
mean ± S.E.M. of 9 dogs studied in four protocols. For
protocols and periods see legend to Fig. 1. Significant
differences: ∗ significant versus fRPP, ‡ significant versus
scRPP; within each protocol, GFR was higher during I3
through P2, and FeNa and FeLi were higher during I2
through P2 as compared with control periods.

Likewise, with servocontrol and Enalapril, PRA remained
well above the levels measured in the corresponding
experiments without servocontrol (scRPP + E versus
fRPP + E), despite a decrease to 22% of control.

Control concentrations of aldosterone (PAC, Fig. 4C)
averaged ∼28 pg ml−1 without pretreatment (fRPP), and
was increased to ∼45 pg ml−1 by servocontrol (scRPP).
Enalapril did not change PAC significantly (fRPP + E
versus fRPP). However, Enalapril completely prevented
the increase of PAC induced by servocontrol of RPP
(scRPP + E versus scRPP). During saline infusion, PAC
decreased significantly when RPP was servocontrolled
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(scRPP), while the decrease was insignificant with the other
protocols.

Plasma vasopressin (AVP, Table 2) did not change
significantly during saline infusion. Plasma concentrations
of ANP (Table 2) increased during saline infusion in
each protocol. Sodium concentrations (PNa, Table 2)
increased slightly but significantly during infusion in every
protocol. Similar small increases of plasma osmolality
(data not shown) did reach significance only in one
series of experiments (fRPP + E). Plasma potassium
concentrations did not change (data not shown). Plasma
protein (PProt, Table 2) and haematocrit (data not shown)
decreased significantly during infusion in every protocol.

Discussion

Whereas TBS has long been recognized as a major
determinant of arterial blood pressure, the contribution of
arterial pressure to the control of TBS is still under debate
(Reinhardt & Seeliger, 2000). While ‘pressure natriuresis’
has been assumed to be a major controller of Na+ excretion
in long-term as well as acute control (Guyton, 1990a,
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Figure 4. Plasma renin activity (PRA, log axis, A),
and plasma aldosterone concentration (PAC, B)
Grey bars indicate period of infusion. Values are
mean ± S.E.M. of 9 dogs studied in four protocols. For
protocols and periods see legend to Fig. 1. Significant
differences: ∗ significant versus fRPP, † significant versus
fRPP + E, ‡ significant versus scRPP; within each
protocol, PRA was lower in I5 and P2 as compared with
control periods; in scRPP, PAC was lower in I5 and P2 as
compared with control periods.

1991; Cowley, 1992; Hall et al. 1996), it is also well known
that renal Na+ excretion may change many-fold without
arterial pressure changes. For instance, the diurnal changes
in Na+ excretion due to intermittent Na+ intake occur
unrelated to changes in arterial pressure, and spontaneous
RPP fluctuations do not change Na+ excretion (Palm
et al. 1992; Corea et al. 1996; Reinhardt et al. 1996).
As outlined in the introduction, previous studies that
attempted to assess the role of pressure natriuresis in
relation to short-term control of TBS with acute i.v. saline
loading (Cowley & Skelton, 1991; Kaczmarczyk et al. 1992;
Andersen et al. 2000) provided conflicting results.

The present experiments reveal that in freely moving
dogs a moderate acute increase in RPP induced by i.v. iso-
tonic NaCl loading does not contribute substantially to
the associated natriuretic response (SLN). A 500 ml saline
loading at a rate of 5 ml per min was used to increase
MABP by about 12 mmHg (Fig. 1), while servocontrol of
RPP by a fast-acting aortic occluder allowed us to quantify
the role of pressure natriuresis. In its present form this
control not only prevented RPP from rising with increased
MABP, but RPP was set at 10% below individual 24 h
mean arterial pressure for the duration of the experiment
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Table 2. Plasma concentrations of AVP, ANP, sodium (PNa), and protein (PProt)

Protocols

Period fRPP scRPP fRPP + E scRPP + E

AVP (pg ml−1) C1 1.01 ± 0.20 0.97 ± 0.22 1.37 ± 0.64 1.12 ± 0.15
C3 0.99 ± 0.21 1.02 ± 0.24 1.83 ± 0.93 1.06 ± 0.20
I5 1.03 ± 0.20 1.17 ± 0.15 1.72 ± 0.69 1.18 ± 0.17
P2 1.24 ± 0.27 1.14 ± 0.22 2.12 ± 0.86 1.29 ± 0.19

ANP (pg ml−1) C1 65.0 ± 7.7 54.1 ± 5.5 48.3 ± 4.8∗ 51.8 ± 5.1
C3 63.9 ± 5.9 54.7 ± 5.7 48.8 ± 5.9 62.1 ± 8.4
I5 78.1 ± 7.3§ 87.2 ± 7.5§ 64.8 ± 11.2§ 73.8 ± 8.1§
P2 74.9 ± 6.9§ 80.1 ± 6.5§ 66.5 ± 10.5§ 68.7 ± 6.9§

PNa (mmol l−1) C1 150.2 ± 0.6 150.6 ± 0.6 151.6 ± 0.7∗ 150.2 ± 0.6†
C3 150.6 ± 0.6 151.2 ± 0.6 151.2 ± 0.7 150.3 ± 0.7
I5 153.5 ± 0.7§ 152.6 ± 0.7§ 153.8 ± 0.7§ 151.8 ± 0.9§†
P2 152.4 ± 0.8§ 152.0 ± 0.5 153.8 ± 1.0§ 151.1 ± 0.8†

PProt (g%) C1 5.90 ± 0.12 5.81 ± 0.14 6.07 ± 0.13 5.99 ± 0.08
C3 5.92 ± 0.20 5.86 ± 0.16 6.03 ± 0.11 5.90 ± 0.11
I5 5.32 ± 0.15§ 5.18 ± 0.14§ 5.39 ± 0.09§ 5.24 ± 0.09§
P2 5.52 ± 0.19§ 5.39 ± 0.16§ 5.62 ± 0.11§ 5.46 ± 0.12§

Values are mean ± S.E.M. of 9 dogs studied in 4 protocols. For protocols and periods see legend to Table 1.
Significant differences: ∗significant versus fRPP, † significant versus fRPP + E; § significant change versus
control periods within the respective protocol.

(protocol scRPP) to ensure that it was lower than the nadirs
of the somewhat fluctuating arterial pressure of the freely
moving dog. Nevertheless, the magnitude of SLN hardly
differed between scRPP and fRPP (Fig. 2); at most there
was a slight delay at the onset of the natriuresis. Thus,
the contribution of pressure natriuresis, if any, seems very
small under these conditions.

Moreover, the slight delay in natriuresis is easily
explained by pre-stimulation of RAAS. As RPP was servo-
controlled below control values, pressure-controlled renin
release resulted in increases in pre-infusion plasma renin
activity and plasma Aldo concentration (Fig. 4), and,
thus presumably likewise increased plasma Ang II (not
measured). To evaluate the effects of this pre-stimulation,
ACE inhibition was used in the second set of experiments.
With ACE inhibition, the SLN response was not affected
by servocontrol (scRPP + E versus fRPP + E), with regard
neither to velocity of increase nor to peak excretion rate.
Thus, the delay in natriuresis observed with servocontrol
of RPP without ACE inhibition (scRPP) is most likely
related to the pre-stimulation of the RAAS. This is in
line with long-term studies in dogs demonstrating that
20% reduction in RPP does not induce Na+ retention
by the mechanism of low-pressure antinatriuresis, but
rather via pressure-controlled renin stimulation (Boemke
et al. 1995). In conclusion, the mechanism of pressure
natriuresis does not appear to contribute to SLN.

From previous studies with similar Na+ loading in
conscious dogs (Bie & Sandgaard, 2000) as well as in
humans (Singer et al. 1991; 1994) suppression of the

RAAS was interpreted to be the prime cause of SLN,
because (i) RAAS activity decreased substantially during
salt loading, and (ii) low dose infusion of Ang II (e.g. in
amounts required to sustain control blood pressure after
ACE inhibition; normotensive Ang II clamp) eliminated
more than 90% of SLN. One earlier study in dogs (Cowley
& Skelton, 1991) that appears to contradict this notion
will be discussed below. In both our protocols without
ACE inhibition, Na+ loading decreased PRA (Fig. 4), and
a similar decrease of Ang II is assumed to have occurred.

Obviously, the decrease of PRA is induced by the
increase of TBS, which, until the end of infusion, increased
by about 55 mmol (about 10% of calculated exchangeable
TBS in a 15 kg dog). Interestingly, this TBS-driven
inhibition of renin release was operative in the face
of ongoing pressure-driven stimulation of renin release
induced by moderate RPP reduction (scRPP, Fig. 4),
i.e. TBS-driven inhibition overcomes pressure-driven
stimulation of renin release. Furthermore, the TBS-driven
renin inhibition occurred irrespective of changes in RPP,
as the decrease in PRA was similar both with an increase
in RPP up to 10% above control (fRPP) and with a
RPP fixed at 10% below control (scRPP). This confirms
previous results demonstrating that TBS-controlled renin
release is not mediated by changes in RPP (Seeliger et al.
1999). It is well known that changes of distal tubular
NaCl load influence renin release (Hackenthal et al. 1990).
In the present experiments, GFR increased by 10–20%.
This increased distal Na+ load considerably as indicated
by the concomitant increase in fractional excretion rate
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for lithium and would thus be expected to inhibit renin
secretion. However, the time schedule of the present
experiments does not allow us to determine whether the
GFR increase preceded the decrease in PRA and could
thus have contributed to the observed renin inhibition.
With ACE inhibition, the control values of PRA were
markedly elevated as a consequence of the absence of
negative feed-back of Ang II on renin release (Hackenthal
et al. 1990). However, the increase of TBS by the saline
infusion decreased PRA markedly also in the absence of
this feed-back.

During ACE inhibition, suppression of PRA is assumed
to have no effects, i.e. mechanisms different from Ang II
and Aldo must be responsible for the SLN. Moreover, it
is completely possible that such mechanisms are active
even without ACE inhibition. For instance, in the present
study, both direct pressure effects (pressure natriuresis)
and indirect effects exerted by pressure-controlled renin
release were excluded by servocontrol and ACE inhibition.
However, increased systemic pressure may still have
lowered tubular Na+ reabsorption, e.g. via carotid
baroreceptor stimulation resulting in decreased renal
sympathetic nerve activity (Lohmeier et al. 1999). In this
context it is notable that the absolute rate of proximal
reabsorption returned to control levels during the saline
infusion after an initial increase. ‘Atrial natriuresis’, i.e.
volume receptor-mediated natriuresis independent from
ANP (Johansen et al. 1997; Reinhardt & Seeliger, 2000),
may operate through the same efferent pathway beside
its primary action via renin inhibition. Furthermore, it
is conceivable that even during complete ACE inhibition
changes in intrarenal Ang II concentrations may still occur.
In anaesthetized rats, renal interstitial concentrations of
Ang II higher than concomitant plasma concentrations
were found; these interstitial concentrations were not
reduced by ACE inhibition or volume expansion, both
of which lowered circulating levels of Ang II (Nishiyama
et al. 2002). It appears therefore that intrarenal formation
of Ang II, e.g. by non-ACE pathways, does not play a
significant role in SLN in rats. However, in the face
of considerable species differences of RAAS components
(Hollenberg, 2000), the contribution of intrarenal Ang II
to SLN in other species including dogs remains to be
determined. Finally, NaCl loading reduced plasma protein
concentration (Table 2), thus reducing colloid osmotic
pressure (COP). This could be one reason behind the
increase in GFR observed in all protocols. In addition,
decreased COP might have contributed to the reduction
of fractional tubular Na+ reabsorption (Fig. 3) by altering
peritubular physical forces including interstitial hydro-
static pressure (Granger, 1986).

In an early elaborate study in dogs, Cowley & Skelton
(1991) used isotonic NaCl loading (400 ml in 30 min) to
evaluate the contribution of various factors for SLN. The
authors found SLN almost unimpeded (i) by infusion of

AVP, (ii) by renal denervation (RDX) plus infusion of AVP,
(iii) by RDX plus infusion of a cocktail of AVP, Ang II, Aldo
and ANP, and (iv) by RDX plus the hormone cocktail
plus servocontrol of RPP. They concluded that neither
suppression of AVP, renal sympathetic traffic, or the RAAS,
nor an increase in ANP or RPP, nor the combination of
these conditions would substantially contribute to SLN.
Because NaCl loading resulted in a decrease in COP,
they infused blood instead of saline and found that, with
unchanged COP, sodium and water excretion did not
exceed pre-infusion levels. It was concluded that SLN is
predominantly a result of reduction in COP. With regard to
the roles of ANP, AVP, and renal nerves, these conclusions
have been corroborated by various studies (e.g. Andersen
et al. 2000; Sandgaard et al. 2000; Bie & Sandgaard,
2000). Other results and conclusions, however, could not
be corroborated. As mentioned above, the results from
dog and human studies (Singer et al. 1991, 1994; Bie &
Sandgaard, 2000) with similar Na+ load and similar Ang II
infusion rates favour a major role of RAAS suppression in
SLN. Remarkably, in these studies Ang II infusion almost
abolished SLN despite a decrease in COP similar to that
observed by Cowley & Skelton (1991). Furthermore, saline
infusion with iso-oncotic solutions was found to result
in profuse natriuresis (Morita & Vatner, 1985), and Na+

excretion is not increased during water loading despite
decreased COP (e.g. Bie et al. 1984). These results are
incompatible with a dominating role of COP in SLN. One
may speculate that the puzzling results of Cowley & Skelton
are related to the specific experimental procedures. For
instance, the blood infused could have contained anti-
natriuretic substances, e.g. Ang II. Furthermore, in all
protocols, dogs were studied after an overnight infusion
of about 1.5 l of saline generating basal rates of sodium
excretion of 100–150 µmol min−1, i.e. more than double
the rates observed even during ACE inhibition in our
dogs. In this context it is remarkable, that their acute NaCl
loading at a rather high rate failed to increase MABP or
GFR (for discussion see also Sandgaard et al. 2000). In
conclusion, the contribution of COP to SLN remains to be
quantified.

In the present study, creatinine and lithium clearances
were used to assess the role of different nephron segments
in SLN (see Fig. 3). During control periods, neither ACE
inhibition, nor reduction of RPP, nor the combination
thereof affected GFR measurably. Thus, physiological
Ang II levels were not essential in controlling GFR. In
accordance with previous long-term studies (Boemke et al.
1995), moderate reduction of RPP did not compromise the
control of GFR either. FENa, however, was increased by ACE
inhibition during control periods independent of changes
in RPP. The increase in FELi, reflecting proximal tubular
Na+ outflow (Atherton et al. 1987), and the decrease in
fractional distal reabsorption, were smaller and statistically
inconsistent. Thus, the marked increase in FENa induced
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by ACE inhibition reflects less pronounced reductions
of proximal and distal fractional Na+ reabsorption, an
observation in accord with studies in humans (Vos et al.
1993).

Irrespective of the protocol, SLN was associated
with changes of GFR, and proximal and distal Na+

reabsorption. GFR increased by 10–20% in all protocols,
i.e. independent of physiological changes of Ang II and
RPP. The increase in GFR was associated with an increase
in tubular Na+ load and an increase in the absolute
tubular reabsorption rate of sodium. Thus, increase in
Na+ load may be an important factor in SLN. Fractional
proximal Na+ reabsorption decreased markedly. Despite
the resulting increase in distal tubular load, fractional
distal reabsorption also decreased markedly in every
protocol. Thus, a marked part of natriuresis was due
to the decrease in distal fractional Na+ reabsorption.
In summary, SLN was achieved by an increase in the
absolute values of all tubular Na+ transport rates (filtered
load, absolute proximal reabsorption, distal load, absolute
distal reabsorption, urinary excretion), concomitant with
substantial decreases in both (proximal and distal)
fractional reabsorption rates.

Perspectives

The present study clearly indicates that, at moderately
elevated RPP, ‘pressure natriuresis’ does not contribute
to acute NaCl loading natriuresis in the freely moving
dog. Previous studies comparing the diurnal time
courses of Na+ excretion and pressure revealed that
Na+ excretion changes many-fold without RPP changes,
and that moderate spontaneous RPP changes do not
affect Na+ excretion. (Palm et al. 1992; Corea et al.
1996; Reinhardt et al. 1996). Long-term balance studies
reviewed by Reinhardt & Seeliger (2000) demonstrated
that TBS can be controlled independently of pressure
natriuresis. A significant contribution of pressure
natriuresis to TBS control could only be demonstrated
under certain pathophysiological conditions, namely
during sustained elevation of TBS as induced, e.g. by
continued administration of antinatriuretic stimuli. The
resulting long-term elevation of RPP by 25 mmHg or
more facilitated Na+ excretion via pressure natriuresis
mechanism, but did not restore TBS to normal. Long-term
reduction of RPP by about 25 mmHg resulted in
Na+ retention, but only via pressure-controlled renin
release, not by the putative mechanism of low-pressure
antinatriuresis. It appears that, at least in the conscious
dog, pressure natriuresis is not operative at lowered,
normal, or moderately elevated pressures when neuro-
humoral control of Na+ excretion is operating normally, a
notion that is also supported by the present results. Thus,
pressure natriuresis might be viewed as a compensating
mechanism, which becomes active only under conditions

of sustained significant elevation of RPP. Clearly, further
studies are needed to clarify if this notion is correct.
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